In the core-collapse supernova explosion, the neutrino (ν) heating was suggested as one of the main mechanisms for the explosion, leading to the so-called ν driven explosions. The central object formed at the core bounce is expected to be a hot and lepton-rich proto-neutron star (PNS). Therefore, the shock propagation by the initial bounce from the contraction of heavy nuclei crosses the ν-sphere, i.e. the neutrino energy-and flavor-dependent sphere, and releases vast numbers of neutrinos [1] .
These neutrinos propagate through the PNS, whose density is believed to be of about a few times of the nuclear saturation density, ρ 0 ∼ 0.15f m −3 . During the propagation, the neutrinos interact with nucleons in a dense nuclear medium. For example, the asymmetry in ν scattering and absorption in a magnetized PNS may account for the pulsar kick of neutron stars, according to the detailed study of the ν transport in dense matter by a relativistic mean field theory [2, 3] .
Outside of the PNS, the emitted neutrinos also interact with nucleons and the nuclei already produced by the s-process in the progenitor and/or the r-process in the explosion.
Around the Si layer, the anti-neutrino (ν) absorption in the proton-rich environment may produce neutrons immediately captured by the neutron-deficient nuclei, which affect the proton process, dubbed as the νp process [4] . In the O-Ne-Mg layer, the ν induced reactions may play an important role for producing some p-nuclei which are odd-odd neutron-deficient nuclei. For example, 180 Ta and 138 La in the cosmos are believed to be produced from the ν process [5, 6] . Other light nuclei abundances are also closely associated with the neutrino interactions in the He-C layer [7] . Of course, the density of the medium outside the PNS is not so high compared to that of the PNS. However, the nucleons interacting with the neutrinos are strongly bound in a nucleus, and the interactions should thus be different from those in free space.
Recently, strong evidence for the modification of the nucleon structure in nuclear matter has been reported from the proton electromagnetic form factors measured in the polarized ( e, e ′ p) scattering off 16 O [8] and 4 He [9] [10] [11] [12] at MAMI and Jefferson Lab, and also from the study of the neutron properties in a nuclear medium through the polarized ( e, e ′ n) scattering off 4 He [13] . Therefore, it is quite interesting to investigate the possible change in the ν and ν induced reactions due to the variation of the nucleon properties, in order to pin down the ambiguity inherent in the nucleon and/or nuclear structure in the interpretation of various ν reactions in the cosmos.
In this paper, we adopt the density-dependent weak form factors calculated in the quarkmeson coupling (QMC) model [14] [15] [16] [17] . The quark mass in a hadron can be related to the quark condensatein vacuum. The mass (or) in nuclear matter may then be reduced from the value in vacuum because of the condensed scalar (σ) field depending on the nuclear density ρ, namely the Lorentz-scalar, attractive interaction in matter. The decrease of the quark mass in matter leads to the variation of the baryon internal structure at the quark level. Such an effect is considered self-consistently in the QMC model. The model has been successfully applied in studying the properties of hadrons in a nuclear medium, finite nuclei [18] and hypernuclei [19] . (For a review, see Ref. [20] .)
An initial study for the effect of the density-dependent weak-current form factors in nuclear matter can be found in Ref. [21] . However, in that paper, the simple, relativistic
Fermi gas model has been used to study the 12 C(ν µ , µ − )X reaction, for which only the ν-flux averaged data have been measured.
In the present study, the nuclear structure of 12 C and related ν reactions are treated in terms of quasi-particle random phase approximation (QRPA) [22, 23] , which enables us to carry out more realistic calculations. We then compare the result with the observed, energydependent cross section for the 12 C(ν e , e − ) 12 N g.s. reaction. For more thorough understanding of the density effect, the ν e andν e reactions on a nucleon in nuclear matter are also examined in detail, as well as theν e reaction on 12 C, because the elementary process may be convenient and useful to see how the variation of the form factors affects the ν e andν e reactions in matter.
The weak current operator W µ for the ν induced reaction takes a form of V µ − A µ in the standard electro-weak theory. For a free nucleon, the weak current operator respectively comprises the vector, the axial vector and the pseudo scalar form factors,
and F P (Q 2 ):
where M is the nucleon mass in free space, and and the in-medium axial coupling constant normalized to that in free space (right),
, as a function of Q 2 . In the right panel, from the uppermost (for vacuum), the density increases by 0.5ρ 0 in order. The lowermost curve is for ρ = 2.5ρ 0 .
factors for the charged current (CC) are respectively expressed as [24, 25] 
where
is the proton (neutron) form factor, and g A and M A are the axial coupling constant and the axial cut off mass, respectively.
Before applying to the ν reaction, we briefly discuss the change of the in-medium nucleon properties calculated by the QMC model [14] [15] [16] [17] . In Fig. 1 at small Q 2 is more significant than that of
, and, for example,
is enhanced by about 11% at ρ 0 . Figure 3 shows the total cross sections for theν e + p → e + + n and ν e + n → e − + p reactions in nuclear matter. Here, we have used the differential cross section formula with 
, and E is the initial neutrino or anti-neutrino energy. The signs ∓ respectively correspond to the νē νe reactions, and the cross section is multiplied by the Cabbibo-angle factor, cos 2 θ c . For both reactions, the present results in vacuum (black (solid) curves) are consistent with the previous results calculated in Ref. [27] .
For theν e + p → e + + n reaction in matter, the total cross sections decrease by about 15% per each increase (by 0.5ρ 0 ) of the density. In contrast, for the ν e + n → e − + p reaction, the variation of the cross section in matter below E ν ∼ 30 MeV is less than 2 % (per each increase of the density). Even around E ν ∼ 80 MeV, the cross section maximally decreases by about 5 % at ρ 0 , compared to that in free space.
The large asymmetry between theν e and ν e reactions in nuclear matter can be explained by the last term in Eq. (3), namely the helicity-dependent (HD) term. In Fig. 4 , we show the difference, σ − = σ(ν e ) − σ(ν e ), and the sum, σ + = σ(ν e ) + σ(ν e ), of the cross sections, which respectively correspond to the HD and non-HD terms. The HD term in the left panel increases with increasing the density, while the non-HD term in the right panel shows the decrease. For the ν e reaction, which is given by a half of σ + + σ − , the HD term plays a counterbalancing role of the density effects, and it thus leads to the smaller density effect (see the right panel of Fig. 3 ). In contrast, for theν e reaction, the HD term enhances the density effect on the cross section. Therefore, the large difference in the density effects on the ν andν reactions is closely associated with the difference in the helicities of the incident ν andν.
The change of the form factors definitely affects theν e − and ν e −nucleon interactions in dense nuclear matter. As a result, around ρ 0 , the variation of theν e (ν e )−nucleon cross section maximally amounts to 35 (5) %. The radiative corrections and the Coulomb distortion are not taken into account in this work, because those effects are known to be less than 2 % [27] .
In order to investigate the asymmetry in the ν e andν e reactions on 12 C, we use the following differential cross section formula, which is explained in detail in Ref. [22] ,
where ν and k are respectively the 3-momenta of the initial and final leptons, q = k − ν, β = k/ǫ with ǫ being the energy of the final lepton, and the density-dependent form factors are involved in the reduced matrix elements. We here include the Coulomb distortion on the outgoing leptons due to the residual nucleus [23] .
Using Eq. (4) in the right panel is the same as that of the 1 + transition shown in Fig. 1 of Ref. [23] . The measured cross section [28] is also presented in the right panel.
those densities.
The large asymmetry in theν e − and ν e − 12 C cross sections due to the medium effect appears in a similar fashion to that in the case of the in-medium nucleon shown in Fig. 3 .
We note that, because we consider only the exclusive reaction to the ground state of the daughter nuclei, the cross sections are smaller than those for the nucleon in Fig. 3 .
The energy dependence of the measured cross section for 12 C(ν e , e − ) 12 N g.s.
(1 + ) [28] is also shown in the right panel of Fig. 5 . Contrary to the significant reduction in theν e − 12 C cross section, the ν e − 12 C cross section around the saturation density ρ 0 is reduced less than 10 %, comparing with that in free space. Furthermore, if we take the average Fermi momentum of 12 C, which is k F = 225 MeV (ρ = 0.668ρ 0 ) [21] , to calculate the form factors, the maximum change due to the bound nucleon is shown to be less than 5%, which is within the experimental error bars. Since the Coulomb distortion effect is known to be of about 5 ∼ 6 % [23] , the density effect on the ν e − 12 C reaction is as large as the Coulomb distortion.
Finally, in Fig. 6 , we show the initial-energy dependence of the cross-section ratio, R ν = σ(ν e )/σ(ν e ), on a nucleon in nuclear matter or in 12 C. The ratio decreases with increasing the energy E. This can be regarded as a valuable, low-energy extension of the previous calculation performed by Kuzmin et al. [29] , in which E is assumed to be larger than 100
MeV. As for the density effect, the higher the density increases, the smaller the ratio becomes.
It means that the asymmetry between theν e and ν e reactions is expected to become larger in a denser nuclear medium, irrespective of the target.
As a summary, we have studied the ν e andν e induced reactions via charged current on a nucleon in nuclear matter or in 12 C, using the density-dependent weak form factors calculated by the QMC model. The present calculation has revealed that the anti-neutrino cross section is reduced maximally by about 35 % at the saturation density ρ 0 , while the neutrino cross section at the same density is reduced by about 5 % at most. Therefore, it is expected that this asymmetry in the ν e andν e induced reactions influences the r-process and also the neutrino-process nucleosynthesis in core-collapse supernovae. In particular, the anti-neutrino propagation inside the PNS is significantly affected by the density effect caused by the variation of the nucleon structure in dense matter. The ν− andν− 12 C cross sections also show large asymmetry, namely the anti-neutrino cross section is reduced much, while the reduction of the neutrino cross section is rather small. For instance, the cross section for 12 C(ν e , e − ) 12 N g.s.
(1 + ) is reduced by about 5 % around ρ 0 , which is as large as the amount of the Coulomb distortion effect.
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